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Abstract 
Successful wetland restoration is frequently constrained by the absence of persistent attention to the whole remedial process. The 
paper put forward a holistic method to restore the lacustrine wetland ecosystem. Yilong Lake wetland, one of the nine largest 
lakes of the Yun-Gui Plateau in China, was used as a case study. A modified (Pressure-State-Response) PSR model was 
presented to establish a comprehensive indicator system and to explain the ecological sustainability. Ecosystem sustainability and 
water quality were set as the general restoration target and the constraint restoration target, respectively, that makes the 
restoration goals not only contains the whole ecosystem but also the key individual parts. Two restoration goals (high and low) 
were set based on the cluster analysis of the historical data from 1952 to 2006. Different restoration levels give the decision 
makers and managers flexible options to restore the ecosystem based on the actual demand and practical capacity. Three 
restoration scenarios about the water replenishment and pollutant reduction were set to improve the ecological condition. The 
results showed that the integrated restoration measures according to water quantity and water quality can feasibly achieve the 
prescribed restoration levels. The paper gives the decision makers a holistic method to solve problems in lacustrine wetland 
restoration process. 
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1. Introduction 
Water provides society with both environmental and economic benefits, e.g. irrigation, fisheries, shipping, 
climate regulation and recreation [1]. In today’s world, sustainable socioeconomic development of every community 
heavily depends on the sustainability of the available water resources [2]. However, excessive exploitation and 
utilization of the water resources combined with the rapid development of society and economy have caused serious 
degradation of the water environment worldwide over the past several decades [3-4]. Complete protection 
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accompanied by appropriate restoration measures is urgently needed [5-7], especially for the lacustrine wetlands 
with a weaker self-restoration capacity than that of running water bodies [8]. 
The principles of lacustrine wetlands restoration need to integrate the social aspects and available techniques. 
These include the nature of the water use, problem formulation, public awareness, funding, and restoration measures. 
The choice of lacustrine wetlands restoration measures has to be considered in the context of different anthropogenic 
effects and the limnological characteristics. The most common targets of lacustrine wetlands restoration are the 
management of water quality, specific plant or animal protection, or habitat improvement [9-12]. Some 
misconceptions of lacustrine wetlands and their restoration still need to be further investigated even significant 
progresses have been made so far. Too often, what we want is not only the improvement of a single indicator, but 
also the maintenance of the whole ecosystem [13-14]. To achieve this, it is more appropriate to shift the emphasis in 
ecological restoration from reestablishing individual naturalistic community of plants and animals in the damaged 
ecosystems or water quality improvement to restoring ecological sustainability [13]. The restoration of ecological 
sustainability focuses on the whole ecosystem rather than the individual parts. With a view to the holistic goal, a 
system must take into account the indicators of pressures (e.g. contaminants discharge into the lake), state (i.e. 
ecosystem structure and function), and social response (e.g. policy interventions) on ecosystems [15]. The Pressure–
State–Response (PSR) model developed by Statistics Canada in the mid 1970s includes these elements [16]. This 
model is widely used as a sustainability assessment framework by the Organization for Economic Co-operation and 
Development (OECD) [17-18]. The PSR model is usually criticized due to its inherent limitations to account for the 
correlations and dynamics between variables and systems [15, 19]. The PSR model will be extended in this research 
to deal with these limitations. 
Although many researchers have mentioned the importance of the lake ecosystem sustainability [14], the 
effective restoration is still subject to the absence of sound and scientific remedial goals to measure the 
sustainability. Setting suitable restoration goals depends on identifying a “basic level” by which one can tell whether 
the environment is better or worse [15]. Generally, identification of a “basic level” can be difficult as a significant 
amount of information or data is required. “Basic level” can be used as criteria to measure whether the ecosystem 
needs to be restored and to what degree. Subjectively setting the levels may result in impractical restoration goals 
due to the neglect of some important factors (e.g. techniques or funds). In a general way, reference information is 
collected under the historical states of the study ecosystem or the similar unaltered ecosystem [20-22].  
The pressures causing the degradation of the ecosystem will be determined by analyzing the historical data. The 
feasible measures will be chosen based on these pressures and other factors such as funding and the nature of water. 
Despite the expenditure of significant resources, many lacustrine wetlands restorations were unsuccessful due to the 
application of improper restoration measures. By analyzing the historical data between 1952 and 2006, three major 
pressures, i.e. large scale water drainages by local settlements, fishery industry, and non-point pollutant discharges, 
were identified as contributing to the degradation of Yilong Lake [23-24]. Two measures, i.e. water replenishment 
and pollutant reduction were then chosen for ecological restoration. The crucial questions, i.e. appropriately 
integration of the two measures to achieve the prescribed ecological restoration goals, determination of quantities for 
water replenishing and pollutant reduction, and the adjustment of measures based on the fluctuation of limnological 
characteristic at different time period over a year, need to be further investigated. 
The aim of this paper is to give the decision makers a holistic method to solve problems in lacustrine wetlands 
restoration process. The method can be used for the similar lakes in the whole world. The objectives include (1) to 
identify the ecological restoration goals (high level and low level) using the sustainability levels; (2) to set different 
ecological restoration scenarios and establish corresponding dynamic models; and (3) to determine the quantities of 
water replenishment and pollutant reduction for each month in order to meet different ecological restoration goals.  
2. Study site 
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Fig. 1. The location of the Yilong Lake 
Table 1. Standards of environmental quality for surface water [25]       Unit: (mg/L) 
Quality types Codes Type I Type II Type III Type IV Type V 
pH pH 6~9 
Dissolved 
oxygen 
concentration 
DO ≥ 7.5 6 5 3 2 
Chemical 
oxygen demand 
(Mn) 
CODMn ≤ 2 4 6 10 15 
Chemical 
oxygen demand 
(Cr) 
CODcr ≥ 15 15 20 30 40 
Biochemical 
oxygen demand 
BOD5 ≥ 3 3 4 6 10 
Ammonium N NH3-N ≥ 0.15 0.5 1.0 1.5 2.0 
Total 
phosphorous 
TP ≥ 0.02 
(lakes and 
reservoirs 0.01) 
0.1 
(lakes and 
reservoirs 0.025) 
0.2 
(lakes and 
reservoirs 0.05) 
0.3 
(lakes and 
reservoirs 0.1) 
0.4 
(lakes and 
reservoirs 0.2) 
Total nitrogen TN ≥ 0.2 0.5 1.0 1.5 2.0 
F- F- ≥ 1.0 1.0 1.0 1.5 1.5 
As As ≥ 0.05 0.05 0.05 0.1 0.1 
Hg Hg ≥ 0.00005 0.00005 0.0001 0.001 0.001 
Cd Cd ≥ 0.001 0.005 0.005 0.005 0.01 
Pb Pb ≥ 0.01 0.01 0.05 0.05 0.1 
Cr6+ Cr6+ ≥ 0.01 0.05 0.05 0.05 0.1 
Yilong Lake is a shallow plateau lake located in southwest of Yunnan province of China and covers a total 
surface water area of 31 km2 with an average water depth of 2.7 m (Figure 1). The average annual precipitation is 
920 mm, with approximately 85% of the precipitation occurring during the warmer months from May to October. 
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Mean annual evaporation is 1909 mm and mean annually temperature is 18°C [26]. Yilong Lake provides 
significant ecological, social, and economic benefits to the local communities such as water supply, irrigation, 
aquaculture, and recreation etc. Increasing demands for fresh water associated with the rapid urban development and 
other human activities within Yilong Lake catchments have induced its degradation in many aspects. For example, 
the water quantity of Yilong Lake decreased from 2.14×108 m3 to 0.88×108 m3 between 1952 and 2006 and even 
almost dried in 1981 [26]; Water quality degraded from Type I to Type V (Table 1) in the same period [25]. The 
urban development and human health are influenced due to the lack of water and deteriorating water quality.  
3. Methods 
3.1. Data source 
The statistical data were obtained form the Shiping Statistical Yearbook. The weather data were obtained form 
the Yunnan Bureau of Meteorology. The water quality and quantity data were obtained from the Shiping Water 
Bureau. There are not the continuous data of the other state indicators include the shoreline development indicator, 
surface water area, terrestrial habitat, wetlands habitat and wetlands vegetation. These data were obtained form the 
scientific publications and technical reports [27-29].  
3.2. Ecological sustainability assessment 
3.2.1. PSR model and indicator system 
The Pressure-State-Response (PSR) model is based on the concept of feedback loop. Pressures denote the human 
activities which will change the state of environmental resources and lead to the societal and policy responses [30]. 
The PSR model provides a means for selecting and organizing data and indicators in a uniform framework for 
decision makers and the public and ensures the important factors are not neglected. The PSR framework was used as 
a starting point for selecting environmental indicators and then was modified for application in a sustainability 
context. Ecosystem health which determines the overall viability of environments was introduced to the PSR model 
to correct the inherent limitations [15, 31]. The continuous dynamic interactions between lacustrine wetlands and 
environment (i.e. pressures and responses) determine whether the state is sustainable (Figure 2). In this way, the 
indicator system couples environmental and development issues to enable better informed policy decisions and 
human behavioral changes to be implemented at appropriate levels to achieve sustainability. The sustainability 
indicators of Yilong Lake are identified based on the conditions in the Yilong Lake area (Table 2).  
State
ResponsePress
 
Fig. 2. The ecological restoration principle based on press-state-response model 
Table 2. Sustainability evaluation indicator system of Yilong Lake based on PSR model a 
 Parameter Code Unit Description and source 
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P Annual population quantity of the 
catchment 
APQ person Shiping Statistical Yearbook. 
Annual industrial  income of the 
catchment 
AII ×104 (Yuan ) 
RMB 
Shiping Statistical Yearbook. 
Annual yield of cultured fish in the 
lake  
ACF t/a Shiping Statistical Yearbook. 
Annual area of cultivated land ALA ×104 ha Shiping Statistical Yearbook. 
Annual agricultural yield AAY t/a Shiping Statistical Yearbook. 
Annual average temperature TEM ć Yunnan Bureau of Meteorology. 
Annual average rainfall RAI mm Yunnan Bureau of Meteorology. 
Annual average evaporation EVA mm Yunnan Bureau of Meteorology. 
S Water quality index WQI - Water quality type [25];  
Yunnan Environmental Monitoring Station. 
Shoreline development indicator SDI - 2
LSDI
AS ; 
L is the length of the shoreline; A is the lake surface water area; 
Shiping water bureau. 
Surface water area SWA km2 Shiping water bureau. 
Water quantity  WQ ×104m3 Shiping water bureau. 
Terrestrial habitat TH % Change in the area and quality of shrubs around the lake.  
Wetlands habitat WH % Change in the area and quality of wetlands. 
Wetlands vegetation WV % Change in composition and biodiversity of valued vegetation. 
Fish FPC % Change in the fish population and composition in the lake. 
Recreation  RC % Questionnaire. 
R Public environmental awareness PEA - Questionnaire. 
Management intensity MI - Questionnaire. 
Environmental investment indicator EII - Questionnaire. 
Environmental-law implementary 
degree 
ELID - Questionnaire. 
a
 Explanations of codes in the table are: “P” – “Press”; “S” – “State”; “R” – “Response”. 
3.2.2. Standardization and criteria 
The different forms of monitoring or measurement unit for each indicator in the comprehensive evaluation 
indicator system may constrain a successful analysis or provide delusive information. In this research, all the data 
were transformed into dimensionless forms based on the ecological benchmark. A series of indicator criteria were 
constructed to identify whether the wetland was in danger, which indicators need to be improved and to what degree. 
There are no generally accepted criteria for lake sustainability assessment so far. Usually, these criteria are 
established according to the self-characteristics and the background of each study area. Though subjective 
uncertainties exist in determining the marking criteria, yet they play a crucial role to measure whether the restoration 
are better or worse especially for communicating with the public and decision makers [15].  
The averages of the temperature, rainfall, and evaporation data from 1952 to 2006 were defined as benchmarks 
due to the random changes of meteorological data (Table 3). The benchmarks of the other indices were their 
indicator values in 1952 when each value was almost an extreme of all records. Firstly, all indictors are standardized 
in Table 3 based on the values of ki, which can be written as 
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i
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where xi is the raw value of the ith indicator, si is the ecological benchmark of the ith indicator, ki is the parameter to 
represent the distance between xi and si. The ecological sustainability, SV, can be calculated by 
 
1
n
i i
i
SV X w
 
 ¦                                                                                                                                                    (2) 
 
where Xi is the standardized value of the ith indicator and wi is the weight of the ith indicator.  
Table 3. Standardized method of the indicators a 
Item Indicator si ki and formulae 
Indicator 
APQ 156695 >80% 50%-80% 20%-50% < 20% 
AII 135 > 30% 20%-30% 10%-20% < 10% 
ACF 18 > 10000% 1000%-10000% 100%-1000% < 100% 
ALA 2068 > 1000% 500%-1000% 100%-500% < 100% 
AAY 84651 > 30% 20%-30% 10%-20% < 10% 
TEM 18 > 1% 0%-1% (-1%)-0% < (-1%) 
RAI 772.57 < (-15%) (-15%)-0% 0%-15% > 15% 
EVA 1604.76 > 3% 0%-3% (-3%)-0% < (-3%) 
WQI ĉ V IV-III II I 
SDI 2.95 < (-15%) (-15%)-(-10%) (-20%)-(-5%) > (-5%) 
SWA 52.6 < (-50%) (-50%)-(-30%) (-30%)-(-10%) > (-10%) 
WQ 21400 < (-60%) (-60%)-(-40%) (-40%)-(-10%) > (-10%) 
TH 0.9 < (-40%) (-40%)-(-20%) (-20%)-(-10%) > (-10%) 
WH 0.9 < (-40%) (-40%)-(-20%) (-20%)-(-10%) > (-10%) 
WV 0.9 < (-40%) (-40%)-(-20%) (-20%)-(-10%) > (-10%) 
FPC 0.9 < (-40%) (-40%)-(-20%) (-20%)-(-10%) > (-10%) 
RC 0.9 < (-40%) (-40%)-(-20%) (-20%)-(-10%) > (-10%) 
PEA 0.2 < 10% 10%-20% 20%-40% > 40% 
MI 0.2 < 10% 10%-20% 20%-40% > 40% 
EII 0.2 < 10% 10%-20% 20%-40% > 40% 
ELID 0.2 < 10% 10%-20% 20%-40% > 40% 
Formulae  Xi=ki1/(3xi) Xi =(1+(xi-ki1)/(ki2-ki1))/3 Xi=(2+(xi-ki2)/(ki3-ki2))/3 Qi=1 
Scales of  
the results 
 
0-0.33 0.33-0.67 0.67-1 1 
Type  Bad Middle Fine Excellent 
a
 Explanations of codes are shown in Table 2. 
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3.2.3. Determination of weights 
In this research, PCA was applied to extract the principal component loadings and variance contribution rates of 
the indicators using SPSS 13.0 [32].   
After the principal component analysis of the indicators, a load matrix of all indicators can be established 
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where the variance contribution rate matrix of each principal component is given by 
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The weights of each indicator can be derived from, 
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Eq. (6) is described as the matrix wT and is given by 
 > @11 12 1T nw w w w .                                                                                                                            (7) 
 
3.3. Setting ecological restoration goals 
Cluster analysis classifies a system of variables into clusters on the basis of similarities (or dissimilarities) such 
that each cluster represents a specific process in the system [2, 36]. Some studies showed that a classification 
scheme for ecological data using the Euclidean distance for similarity measures and Ward’s method for linkage 
generates effective results [37-40]. In this study, the hierarchical cluster analysis (HCA) using Euclidean distance 
for similarity measures and Ward’s method for linkage was applied to the raw data for the entire indicators list in 
Table 2 to classify the data to several groups. The statistic software of SPSS 13.0 was used in HCA [32]. Ecological 
restoration goals were determined according to the results of the cluster analysis.  
3.4. Ecological restoration scenarios 
Ecological restoration in this study was geared towards restoring sustainability of the ecosystem in 2006. The 
objective was to identify some feasible measures for every month, to achieve high and low goals. The previous 
study of Zhai has shown that the main pressures to the degradation of Yilong Lake were large scale water drainages 
by local settlements, fishery industry, and non-point pollutant discharges [23]. Therefore, restoring water quantity 
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under a constraint condition of water quality would lead to the success of the restoration. Water replenishment and 
pollutant reduction were selected as restoration measures which can exert direct and indirect influence on each 
aspect of the “State”, see Figure 3. The direct influence results in rapid change of some indicators, but the indirect 
influence is gradually observed during a significant long period. In other words, the changes of some directly-
influenced indicators will slowly improve the other indicators in the future. However, due to the uncertainties of 
indirect influence, only the direct influence will be considered and the conservative quantities to restore the 
ecological sustainability of Yilong Lake will be estimated. As the improvement of these indirectly-influenced 
indicators, the actual quantities of water replenishment and pollutant reduction will be decreased. Three scenarios 
were set to investigate the effects of each measure on the restoration (Figure 4). 
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Fig. 3. The direct and indirect effects of restoration measures on Yilong Lake states 
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Fig. 4. Selection of the ecological restoration scenarios of Yilong Lake 
3.4.1. Scenario 1- Water replenishment 
Suppose the sustainability could be achieved by water replenishment alone. The results of correlation analysis 
between water quantity and other indicators using SPSS 13.0 show that water replenishment leads to significant 
(p<0.05) changes of water quantity, water area, and shoreline development indicators (Table 2) [32]. These results 
are consistent with that of the previous studies [23, 41]. The regression analysis results show that the alteration of 
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water quantity contributed to the changes of water area and shoreline development indicators which are given by the 
following regression models  
 
2
1 1 1area ws wsX a X b X cc c c                                                                                                                                (8) 
 
2
2 2 2line ws wsX a X b X cc c c                                                                                                                                (9) 
 
where areaX c is water area and lineX c  is the shoreline development indicator after water replenishment, ai, bi, and ci 
(i=1, 2) are constants. 
Let SV = SVs be the adjusted sustainability value by water replenishment, one gets  
 
1 1 2 2s n nSV X w X w X wc c c    .                                                                                                                (10) 
 
Substituting Eqs. (8) and (9) into Eq. (10), subtracting Eq. (2) from Eq. (10), and rearranging, one gets  
 
   
 
2
1 2 1 2
                                                 0
area line ws area line ws ws
S area area line line ws ws
w a w a X w b w b w X
SV SV w X w X w X
c c   
      .                  (11) 
 
 From Eq. (11), lineX c can be determined under the high level or low level. However, the water quality as a 
constraint condition should be considered according to the aforementioned analysis in section 3.4. This can be 
achieved by dilution in this scenario based on the contaminant mass balance 
 
a a b bC Q C Q                                                                                                                                                     (12) 
 
where Ca is the initial contaminant concentration in the lake, Qa is initial water quantity, Cb is the dilution 
contaminant concentration, Qb is total water quantity after water replenishment.  
Rearranging Eq. (12), one gets  
 
a a
wq b
b
C QX Q
C
c                                                                                                                                             (13) 
 
where wq
X c
is the required water quantity to satisfy water quality. 
Identification of the actual water quantity requirement is subject to the water replenishment for the sustainability 
which is implicitly determined by Eq. (11) and the water quantity calculated from Eq. (13) for dilution to meet water 
quality. The maximum was chosen as the actual water quantity  wrX c  which is given as 
  max , wr ws wqX X Xc c c .                                                                                                                              (14) 
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3.4.2. Scenario 2 - Pollutant reduction 
Suppose the sustainability could be achieved by pollutant reduction alone. The results of correlation analysis 
using SPSS 13.0 indicate that there are no indicators significantly correlated with pollutant reduction [32]. Since 
pollutant reduction only induces significant (p<0.05) improvement of water quality, the amount of pollutant 
reduction, denoted as Yps, can be extracted from Eq. (10) in order to achieve the sustainability of high or low 
restoration level. The amount of pollutant reduction (Ypq) to meet water quality is determined by 
 
pq a a b bY C Q C Q  .                                                                                                                                      (15) 
 
In this scenario, the contaminant concentrations were reduced under the condition of unaltered water quantity. Eq. 
(15) can then be rewritten as 
 
 pq a b aY C C Q  .                                                                                                                                       (16) 
 
Similarly with scenario 1, the actual water quantity requirement (Ypr) is determined by 
  max ,  pr ps pqY Y Y                                                                                                                                     (17) 
 
where Yps is the required water quantity for sustainability given by Eq. (10).   
3.4.3. Scenario 3 -Water replenishment and pollutant reduction 
Suppose the sustainability could be achieved by the combination of water replenishment and pollutant reduction. 
Let x be a stochastic variable to represent the amount of water replenishment and y represent the amount of pollutant 
reduction, Eqs. (2) and (10) then define the relationship between x and y as 
 
sAx By SV SV C                                                                                                                                (18) 
 
where A, B and C are constants.  
Based on the mass balance for water and contaminant, respectively, one gets 
 
a b
a a b b
Q x Q
C Q y C Q
  ­®   ¯
.                                                                                                                                     (19) 
 
Given Ca, Qa and Cb, Eq. (20) is simplified as  
 
 b a b aC x y C C Q   .                                                                                                                             (20) 
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Water replenishment (x) and pollutant reduction (y) are then obtained by solving the Eqs. (18) and (20) 
simultaneously. 
4. Results 
4.1. Annual and inter-annual average variation of ecological sustainability 
The coefficient matrix of weight for each indicator was obtained by the principal component analysis (Table 4). 
The tendencies of annual average variation of press, state, response, and sustainability of Yilong Lake from 1952 to 
2006 are shown in Figure 5. During this period, the annual average press values fluctuated and decreased (Figure 5a). 
The annual average state value decreased sharply from 0.99 to 0.37, with the minimum of 0.23 observed in 1993 as 
shown in Figure 5b. As the decrease of the annual average state value, the annual average response increased 
sharply from 1978 to 2006 (Figure 5c). From 1952 to 1978, the annual average sustainability value decreased from 
0.73 to 0.33. In recent years, it increased slowly due to the sharply increase of the human response (Figure 5d).  
Table 4. The coefficient matrix of weight (wT) for each indicator obtained from the principal component analysis 
Codes Weights Codes Weights Codes Weights Codes Weights Codes Weights Codes Weights Codes Weights 
APQ 0.061 ALA 0.045 RAI 0.016 SDI 0.024 TH 0.057 FPC 0.056 MI 0.051 
AII 0.046 AAY 0.046 EVA 0.008 SWA 0.056 WH 0.057 RC 0.047 EII 0.050 
ACF 0.037 TEM 0.013 WQI 0.062 WQ 0.062 WV 0.060 PEA 0.047 ELID 0.041 
The meanings of the codes were shown in Table 2. 
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Fig. 5. Monthly change tendency of sustainability values of Yilong Lake in 2006 
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Inter-annual average variation of sustainability values in 2006 is presented in Figure 6. During the 12 months, the 
sustainability values fluctuated between 0.52 and 0.61. Higher values are observed during the autumn and winter 
while lower values appear during late spring and early summer. 
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Fig. 6. Annual average variation of press, state, response and sustainability values of Yilong Lake from 1952 to 2006 
4.2. Ecological restoration goals 
Based on their sustainability, the period between 1952 and 2006 was classified into four groups, i.e. sustainable, 
basically sustainable, basically unsustainable, and unsustainable groups (Table 5). Group I comprise the samples 
from 1952 to 1968 and represent the sustainable state. The corresponding grading standard is 0.679. Ten samples 
during the time from 1969 to 1978 form Group II which reflects the basically sustainable situation and its grading 
standard is 0.618. Group III consists of the samples ranging from 1998 to 2006 and its grading standard is 0.498. 
Group III implies the basically unsustainable state. The remainder nineteen samples from 1979 to 1997 are the 
members of Group IV, which represents the unsustainable situation and the corresponding grading standard is 0.461. 
Table 5. Results of cluster analysis 
Group Years Sustainability state Grading standard Level 
I 1952-1968 Sustainable 0.679 Excellent 
II 1969-1978 Basically sustainable 0.618 Fine 
III 1998-2006 Basically unsustainable 0.498 Middle 
IV 1979-1997 Unsustainable 0.461 Bad 
In order to eliminate the effects of temporal variation and avoid the potential influence of exceptional factors 
such as extreme climate or measurement error, the average of the sustainability values of each group was used. 
These averages were denoted as the grading standards. To ensure the restoration of ecological sustainability in the 
research site and avoid unsolvable difficulty from exorbitant expectation, two restoration levels are set, i.e. low level 
and high level which are corresponding to the grading standards of Group II and Group I, respectively (Table 6). 
Table 6. Ecological restoration levels 
Level 
Restoration goal 
General goal Specific goal State description  
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Sustainability value Water quality type 
Low 0.618 
III 
[25] 
The ecosystem has the basic structure and the normal functions; the water 
quality meets the water quality type III [25]; the water quantity can 
basically satisfy the local requirements. The ecosystem can be generally 
sustainable.  
High 0.679 
II 
[25] 
The ecosystem has the excellent structure and functions; the water 
quality meets the water quality type II [25]; the water quantity can satisfy 
the local requirements. The ecosystem can be well sustainable.  
 
Nevertheless, the achievement of sustainability may not meet the water quality required by the regulations. The 
water quality is an important concern of the local government and residents in the study area. Therefore, a specific 
restoration goal for the water quality is set as a constraint condition to be satisfied after the restoration of ecosystem. 
Water quality goal was determined according to the requirements of government regulations. The surface water 
quality of Type III and Type II are consistent with the low and high restoration levels, respectively [25]. The 
restoration levels are delineated in Table 6. The sustainability value should be more than 0.618 and the surface water 
quality should be set as at least Type III for the low restoration level [25]. The sustainability value should be greater 
than 0.679 and the surface water quality are required to be above Type II for the high restoration level [25]. 
4.3. Ecological restoration scenarios 
Average sustainability value for each month in 2006 is lower than 0.618 (Figure 6), which indicates ecological 
restoration is necessary at the same period.  
4.3.1. Scenario 1 - Water replenishment 
Table 7 summarizes the required quantity of water replenishment. The water quantity needed to achieve the 
desired water quality is almost three times larger than that required to reach the sustainability goal. The 
aforementioned methods chose the maximum value as the final water quantity to satisfy the requirements of water 
quality and ecological sustainability. This selection reflects the real demands. In this scenario, water quality goal is a 
constraint which can be met by reducing the concentration of three major indicators, i.e. CODMn (Chemical Oxygen 
Demand), TN (Total Nitrogen) and TP (Total Phosphorous) by dilution. 
Table 7. Results of ecological restoration scenario 1a                   water quantity (104m3) 
Month 
Present water 
quantity 
Ecological water requirement 
Water quantity need to supply 
Water quality goal Sustainability goal 
Low level High level Low level High level Low level High level 
1 8 561.32 34 245.26 68 490.53 12 637.83 >19 260.00 25 683.94 59 929.21 
2 8 240.37 32 961.47 65 922.95 14 947.11 >19 260.00 24 721.10 57 682.58 
3 7 745.74 35 630.39 71 260.78 16 043.53 >19 260.00 27 884.65 63 515.04 
4 7 106.75 35 533.75 71 067.50 >19 260.00 >19 260.00 28 427.00 63 960.75 
5 6 883.65 34 418.25 68 836.50 15 670.14 >19 260.00 27 534.60 61 952.85 
6 7 042.05 28 168.20 56 336.40 13 032.73 >19 260.00 21 126.15 49 294.35 
7 7 756.35 23 269.05 46 538.10 12 323.69 >19 260.00 15 512.70 38 781.75 
8 8 396.85 16 793.70 33 587.40 12 461.62 >19 260.00 8 396.85 25 190.55 
9 8 711.52 17 423.03 34 846.06 11 991.15 >19 260.00 8 711.51 26 134.54 
10 8 779.65 14 925.41 29 850.81 13 501.53 >19 260.00 6 145.76 21 071.16 
11 8 867.35 17 734.70 35 469.40 12 439.59 >19 260.00 8 867.35 26 602.05 
12 8 747.30 26 241.90 52 483.80 12 832.45 >19 260.00 17 494.60 43 736.50 
a
 Limited by the calculation method, the ecological water requirements for the sustainability goals can not be calculated if they 
exceed 90% of the water quantity in 1952 (19 620.00×104m3). 
1120 H.J. Zhai et al. / Procedia Environmental Sciences 2 (2010) 1107–1123
 
For the low restoration level, the lowest and highest quantities of water replenishment are found in October and 
April, with the value of 6 145.76 × 104m3 and 28 427.00 × 104m3, respectively. More than two times of water 
quantity is needed to achieve the high restoration level than that of the low restoration level. The maximum water 
quantity is about 63 960.75 × 104m3. Compared with the current water quantity of Yilong Lake, about 8 069.91 × 
104m3, it is impossible to use this measure alone to achieve the restoration levels, even for the low restoration level. 
This measure is denied by the local government.  
4.3.2. Scenario 2 - Pollutant reduction 
Water pollution is the main reason contributing to the lacustrine wetlands degradation due to its weak self-
purification. The calculation results show that the ecological sustainability of Yilong Lake can not be achieved even 
all of the pollutants are removed. This is because the water quality, as one of the numerous indicators, only 
contributes part of the effects to the whole ecosystem of the lake, and thus can not significantly improve the 
sustainability alone. 
4.3.3. Scenario 3 - Water replenishment and pollutant reduction 
The required quantities of water replenishment and pollutant reduction for each month are list in Table 8. For low 
restoration level, the lowest and highest water quantities for water replenishment are found in September and April, 
with the values of 299.83 × 104 m3 and 6 641.5 × 104 m3, respectively. The quantities of CODMn which need to be 
reduced vary between 8 729.46 kg in February and 67 544.64 kg in October. In August, the maximum 20 028.83 kg 
of TN need to be reduced and the minimum 1 886.60 kg in April are needed. Reducing TP is not necessary in the 
months except for June. The reduction of 4.79 kg TP is required in this month. The maximum 10 940.50 × 104 m3 
and the minimum 2 897.60 × 104 m3 water replenishment in April and September, respectively are needed to the 
achieve high restoration level. The value of CODMn reduction is the lowest in February (18 442.92 kg) and reaches 
a peak in October (76 259.72 kg). The requirements of TN reduction fluctuate between 6 611.22 kg in April and 23 
240.77 kg in August. In April, July, August, and September, the concentration of TP is lower than that of the 
requirement of the water quality Type II [25]. The maximum TP (163.26 kg) need to be reduced is found in June. In 
scenario 3, the quantities of water replenishment and pollutant reduction are reasonable. 
Table 8. Results of ecological restoration scenario 3a 
Month 
Low level High level 
PR˄kg˅ ER 
˄104m3˅ 
PR˄kg˅ ER 
˄104m3˅ CODMn TN TP CODMn TN TP 
1 22 280.08 7 765.70 0.00 966.83 30 506.92 11 176.10 156.42 3 674.20 
2 8 729.46 6 646.34 0.00 2 830.08 18 442.92 10 628.14 115.27 5 936.94 
3 18 116.87 4 968.82 0.00 3 861.31 28 211.01 9 132.35 15.11 7 141.31 
4 22 121.88 1 886.60 0.00 6 641.50 32 422.34 6 611.22 0.00 10 940.50 
5 3 648.32 9 086.42 0.00 3 854.85 13 085.86 12 950.73 55.54 6 864.71 
6 45 361.88 11 855.96 4.79 1 876.03 52 881.98 15 025.5 163.26 4 455.05 
7 39 574.98 13 421.42 0.00 1 160.52 47 093.62 16 590.47 0.00 3 739.29 
8 33 685.45 20 028.83 0.00 627.42 41 332.44 23 240.77 0.00 3 227.80 
9 67 323.23 16 687.62 0.00 299.83 75 176.29 19 894.41 0.00 2 897.60 
10 67 544.64 13 064.27 0.00 1 422.16 76 259.72 16 731.78 156.17 4 288.94 
11 47 345.89 12 088.19 0.00 503.44 55 395.78 15 437.13 115.67 3 176.37 
12 49 676.69 15 598.02 0.00 934.37 58 072.29 19 067.89 83.04 3 676.31 
Ave 35 450.78 11 091.52 0.40 2 081.53 44 073.43 14 707.21 71.71 5 001.59 
a
 Explanations of codes in the Table are: “PR” – “Pollutant reduction”; “ER” – “Water Replenishment”; “Ave”-“Average”.  
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5. Discussions 
5.1. Ecological restoration goals 
The obstacles to determining success are closely tied to the problems in setting goals [42]. Reference information 
can be used to guide ecological restoration [20-22]. Success itself is an imprecise term that means different things in 
different situation and to different people [42]. We can gain the reference information from the historical states of 
the study ecosystem or the other existing similar ecosystem that is unaltered [22, 43]. Even two ecosystems look like 
the same one, part of the characteristics of them are different. The restoration goals must be realistic and compatible 
with constraints of the present and projected use of the project site and the surrounding area [42]. The goal of the 
restoration should be to improve the current condition, rather than match it. In the paper, the restoration goals were 
set based on the cluster analysis of the historical data, which was more objective and reasonable. The states of 
excellent and fine were selected as the high and low restoration goals, respectively. The different restoration levels 
provide more flexible selections of remedial measures and benefit the decision-making. Schneiders et al. reported a 
viewpoint that the ecological restoration goals for different groups were linked to different quality requirement [21]. 
Sometimes, the quality requirements may partly reflect the local desire, partly reflect the manager’s intents, and 
partly reflect the actual requirements of the lake itself. Other previous studies also indicate the view [6]. The method 
to select restoration goals in the paper not only reduce the subjectivity but also considered the ecosystem 
sustainability and integrity. 
5.2. Ecological restoration scenarios 
Most of the current studies about lake restorations focus on improving the water quality. Water replenishment is 
also a common restoration measure. The calculation results show that the ecological sustainability goals of Yilong 
Lake can not be achieved by the single measure. As one of the numerous indicators, only contributes part of the 
effects to the whole ecosystem of the lake, and thus can not significantly improve the sustainability alone. The key 
point is the integration of the two measures, i.e. the combination of the reduction of the press and increase of the 
response in the P-S-R model. The restoration measures must be realistic and feasible in technical and economic. For 
each month the water quantity need to supply and pollutant quantity need to reduce were calculated in the paper. As 
a dynamic model introduced in the paper we can easily plan the restoration projects for any year and any month by 
using it. It also can be used for prediction. The analysis in this research provided a framework for the project of 
Yilong lake restoration which can be extended to other cases. However, further work is required on this field to 
improve the integrity and flexibility of the model. 
5.3. Management implications 
Many ecological restoration projects are not successful or only partially successful because of failures to 
recognize the integrity of the wetlands [44]. Too often, the improvement of the individual parts of the ecosystem is 
not enough. What we cares more is the improvement of the whole ecosystem [13]. In the paper, the ecological 
sustainability which focuses on the whole ecosystem rather than the individual parts was selected as the general 
restoration target. However, sometimes, the achievement of sustainability may not be sufficient for guaranteeing the 
effective improvement of water quality. Further, water quality is the indicator that a government wants to make 
urgent improvements. In the paper, ecosystem sustainability and water quality were set as the general restoration 
target and the constraint restoration target, respectively, that makes the restoration goals not only contains the whole 
ecosystem but also the key individual parts.  
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